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Abstract 
In the present work, commercially available Al 6063 alloy was subjected to multiaxial forging (MAF) at 77K. The evolution 
of ultrafine grain structure during MAF at 77k at various strain levels (∑∆ε=1.2 and ∑∆ε =2.4) was investigated using 
Optical microscopy and Transmission electron microscopy. Cryorolling was performed up to true strain 2.4 and the 
mechanical properties and micro structural changes were compared with MAF at 77 K sample of same strain. At lower 
strain level (∑∆ε=1.2), the microstructure reveals formation of dislocation cells along with sub grain structure, 
predominantly low angle grain boundaries. Formation of elongated sub grain structure with high angle grain boundaries 
through dynamic recovery was observed with increasing strain up to (∑∆ε=2.4) at shear bands. Microstructure observed in 
cryorolled sample is more homogeneous with low angle grain boundaries.  The improvement in mechanical properties 
observed in both the samples processed through CR and MAF are nearly same. 
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1. Introduction 
Ultrafine grained materials (UFG) have gained significant importance from scientific and industrial community due to 
their superior mechanical and physical properties over its conventional bulk material [1]. Several severe plastic deformation 
(SPD) techniques are developed to produce bulk UFG material with homogenized equiaxed structure [2]. The commonly 
used SPD techniques are Equal channel angular pressing (ECAP), Accumulative roll bonding (ARB), High pressure torsion 
(HPT) and Multi axial forging (MAF). The size and shape of the samples obtained from the each method are quite different.  
Processing temperature and strain rate employed during the process will influence the grain refinement [3]. UFG structure 
has been successfully developed in several metals and alloys by deforming at very low temperatures (near or at liquid 
nitrogen temperature) even with medium strains [3-4]. Very low temperature deformation leads to suppression of dynamic 
recovery or restoration of dislocations, results accumulation of high dislocation densities in the material [7-8]. 
 Attempts have been made to study the effect of cryorolling on microstructure and mechanical properties of the material, 
which has been already processed through SPD [8]. In the present investigation, MAF was chosen to produce UFG structure 
in Al 6063 alloy. MAF is a simple technique where the material is subjected to repeated forging in three orthogonal 
directions. It is used to produce UFG structure in relatively brittle materials by operating at high temperatures [9]. The 
advantage of MAF is that, the initial shape remains same with minimum distortion even after several pressings. Till now, 
studies on effect of MAF at 77K on precipitation hardenable alloys are scarce in literature. The main aim of the present 
investigation is to study the effect of MAF at liquid nitrogen temperature on microstructure and mechanical properties of Al 
6063 alloy.   
 
 
2. Experimental details 
 
The material used in present investigation is commercially available Al 6063 alloy with chemical composition (wt. %) 
0.51% Si, 0.46% Mg, 0.132% Mn, 0.15% Fe, 0.015 % Cu (wt%) and balance Al. Samples with dimensions 27×30.5×33 
mm3 and 12×30×40 mm3 were cut from the as received material to deform through MAF and rolling, respectively. Rolling 
and MAF was performed at 77K to investigate effect of deformation temperature on mechanical behaviour and 
microstructure development in the material processed through different routes. Before subjecting to deformation, samples 
were homogenized at 510 °C for 1 hour in muffle furnace, then water quenched to room temperature. These samples were 
noted as ST. The higher dimensions of the samples were cut along initial extruded direction of the billet. The samples were 
subjected to rolling and MAF at liquid nitrogen temperature for an equivalent true strain 2.4. The rolled samples are noted 
as CR. For rolling and MAF at liquid nitrogen temperature, samples were dipped in liquid nitrogen for 15 min for initial 
pass and afterwards 10 min for the successive passes. Rolling was performed through multipass and thickness reduction per 
pass was 4%. Whereas, in MAF true strain per pass was ∆ε=0.2. After each pass, the sample was turned to an angle of 90° 
then the next pass was given. Fig. 1a, b shows the schematic illustrations of the processes followed in the present work. The 
MAF process diagram shown in Fig. 1a corresponds to one cycle. For microstructural studies, MAF samples were processed 
up to 2 cycles (equivalent true strain (∑∆ε=1.2)) and 4 cycles (equivalent true strain (∑∆ε=2.4)). These samples were 
denoted as MAF 2 and MAF 4 for the further reference.  
Microstructural characterization was carried out using optical microscopy (Leica DMI 200) and transmission electron 
microscopy (TEM) (FEI Technai 20). Samples were etched using Poultons reagent. TEM samples were prepared by twin jet 
polishing of 3 mm disc with mixture of 20% perchloric acid and 80% methanol at - 40 °C temperature, 40 V. Samples for 
microstructural characterization and tensile testing were prepared along the plane perpendicular to the last forging axis for 
MAF samples and in plane parallel to rolling direction for CR samples. Details of sample preparation for TEM testing were 
discussed elsewhere [10]. Vickers hardness testing was performed with load of 5 kg having dwell time of 15 s.Tensile 
testing was conducted on non-standard sub size specimen of 10 mm gauge length at room temperature on H25K-S universal 
testing machine. 
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Figure 1.a: Schematic illustration of Multi axial forging for 1 cycle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.b: Schematic illustration of principle of rolling at liquid nitrogen temperature 
 
3. Results and discussion 
3.1 Optical microscopy 
Figure 2 shows the changes in optical microstructure of Al 6063 alloy after rolling and multi axial forging at 77K.  The 
initial solution treated (ST) material (Fig.2 (a)) contains elongated band structure formed during extrusion. The black 
particles aligned along the extrusion direction on the grain boundaries in ST sample are believed to be undissolved second 
phase of FeAl3, Fe3SiAl12 and Mg2Si [11]. During solution treatment, Mg and Si  dissolved in the matrix and further it  gets 
precipitated by forming Mg2Si phase during ageing treatment. Figure 2(b) shows a clear distribution of undissloved second 
phase along the rolling direction in CR sample. Whereas in the sample, MAF at 77 K in Figure 2.c shows irregular 
distribution of particles, represents the formation of deformation bands in various directions and mutual crossings [12].            
 
 
 
Figure 2: Optical microstructures of Al 6063 alloy; (a) ST, (2) CR  (3) MAF-4  
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Figure 3: TEM Microstructure of Al 6063 alloy ; (a) MAF-2  (b) MAF- 4 , (c) CR 
 
 
3.2 TEM observations 
      It can be seen from Figure 3a that MAF at 77 k after 2 cycles leads to the formation of sub grain structure along with 
dislocation networks. Selected area electron diffraction (SAED) shown in inset in Fig.2 (a) reveals the microstructure 
developed after 2 cycles of MAF at 77 K is  composed primarily with low angle grain boundaries (grain boundary 
misorientation ≤ 15 degrees). With increasing number of MAF cycles to 4 (equivalent strain 2.4), stretched type 
substructure was observed. The average thickness of stretched substructure is around 300 nm. Along with the stretched 
substructure, nearly equiaxed subgrains with average size of 300 nm were also observed. Nakao et.al have observed band 
substructure in copper deformed through MDF at 77k up to an equivalent strain 2.4 [12]. It was reported that these 
elongated substructure could be deformation twins. Materials like Al with high stacking fault energy, deforms by dislocation 
slip rather deformation twin at CR temperature and room temperature deformation [13]. Liu et al. have observed that the 
formation of large scale of shear bands due to strain localization in AA 3104 aluminium alloy deformed through multiple 
constrained compression at room temperature. It can be concluded that the stretched substructure observed in the present 
study is due to strain localization at shear bands. SAED map corresponding to MAF-4 sample shows ringed pattern, which 
indicates that localized strain at shear bands caused transformation of low angle grain boundaries to high angle grain 
boundaries. The CR sample shown in Figure 3(c) reveals homogeneous formation of fine sub grain structure along with 
high densities of dislocations. The dislocation density observed in CR sample is more than MAF-4 sample.     
  
3.3 Mechanical Properties   
 
Mechanical properties were studied through Vickers hardness testing and tensile testing performed at room 
temperature. Hardness measurements and tensile sample preparation were done on the plane perpendicular to the last 
forging axis in MDF sample and plane parallel to the rolling direction (RD-TD) in CR sample. The obtained results are 
listed in Table 1. CR 92% sample has shown significant improvement in hardness (88±2 Hv) compared to ST sample (42±2 
Hv). The UTS of CR sample has increased from 106 MPa to 248 MPa, which is nearly 133% increment, whereas YS has 
increased from 56 MPa to 239 MPa (326% increment).It can be understood that YS has shown more response to the 
cryorolling. The increment in hardness and strength of CR 92% reduction sample is combined effect of solid solution 
strengthening, work hardening and Hall-Petch effect [14]. The observed improvement in mechanical properties of CR 
material is in agreement with the reported literature [14]. The MAF-4 material has shown slightly more hardness (92±4) 
than CR material.  
The YS and UTS and % elongation of MAF-4 are slightly more than CR sample. Higher % elongation observed in MDF-4 
cycles sample over CR-92% sample could be due to sample size effect or the formation of subgrains with high angle grain 
boundaries at the shear bands due to strain localization which can absorb more dislocation during tensile deformation. The 
variation in hardness observed in MAF -4 cycle sample is more than CR sample, this could be due to different strain path 
associated with the process. Figure 4 shows the variation in Vickers hardness value on the sectioned surface along the plane 
perpendicular to last forging axis. The trend observed in improvement of mechanical properties through both the process is 
nearly same.  
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Table 1: Mechanical properties of Al 6063 alloy after MDF and cryorolling                                                                                                                                  
                                   
     Figure 4: Variation in Vickers hardness value along  
                     the centre line of MDF-4 sample 
 
 
4. Conclusions 
1. Al 6063 alloy was processed by two different routes, rolling and multi directional forging at 77K in the present work. 
Microstructure and mechanical properties were compared. 
2. The improvement in mechanical properties observed in Al 6063 alloy processed through different routes is nearly 
same. 
3.  Stretched sub grain structure with an average thickness of 300 nm was developed in material processed through multi 
directional forging at 77k up to an equivalent strain 2.4 due to strain localization at shear bands. 
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